
DOI: 10.1002/chem.201301703

Crystalline Hybrid Solid Materials of Palladium and
Decamethylcucurbit[5]uril as Recoverable Precatalysts for Heck Cross-

Coupling Reactions

Hongfang Li,[a] Jian L�,[a, b] Jingxiang Lin,[a] Yuanbiao Huang,[a] Minna Cao,[a] and
Rong Cao*[a]

Introduction

The palladium-catalyzed Heck reaction that is, the arylation
or vinylation of olefins, is one of the most important C�C
coupling reactions in the pharmaceutical, agrochemical, and
fine-chemical industries.[1] Typically, ligand-free palladium
salts or organometallic complexes with special ligands, for
example phosphine, were generally used as palladium cata-
lyst precursors in traditional Heck reactions.[1–3] It has been
observed that the palladium salts being used as homogenous
catalysts generally suffer difficulties in separation, recycling,
and deactivation caused by the aggregation of Pd species
formed in situ during the Heck reaction;[2,3] whereas most of
the ligands of palladium organometallic complex catalysts
are sensitive to air and moisture and are not stable enough
in practical operation for industrial application.[1] It is there-
fore desirable to develop a new catalytic system for Heck
reactions that exhibits the dual advantages of high catalytic
efficiency and good recyclability.

It has long been known that the judicious selection of or-
ganic ligands in palladium complexes is crucial for C�C cou-
pling reactions because the catalytic activities, selectivity,
and stability of metal complex catalysts are dictated by the
steric and electronic characters of ligands as well as the
properties of the metal–ligand coordination.[4–7] Recently, N-
heterocyclic carbenes (NHCs) have been used as alternative
substitution of phosphine ligands to construct palladium
complexes that exhibit high catalytic activities and chemical
selectivity in the C�C coupling reaction. Such palladium
complexes were air and moisture stable and could be recy-
cled a reasonable number of times.[8] However, the synthetic
procedure for the ligands of NHCs is long and laborious. In
this context, the development of suitable and facile non-
phosphine ligands to construct palladium complexes as re-
coverable catalysts is one of the contemporary themes in C�
C coupling reactions.

Cucurbit[n]urils (CB[n]s) represent a family of homo-
logues of organic macrocycles composed of n glycoluril
monomers linked by 2n methylene bridges.[9] CB[n] bears
a pumpkin-shaped, rather rigid, and high symmetry struc-
ture featuring an open hydrophobic cavity fringed with two
identical hydrophilic carbonylated portals.[10] The structural
rigidity along with the capability of forming stable com-
plexes with organic molecules and metal ions make CB[n]s
attractive as building blocks for the construction of hybrid
metal–organic complexes.[11] Over the past decade, a wide
range of metal ions, including alkali, alkaline earth metals,
first row transition metals, and some lanthanides, has been
found to be successful in the preparation of solid-state mate-
rials with CB[n].[12,13] The outstanding recognition properties
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of CB[n]s have prompted the rapid development of exciting
applications in the supramolecular synthetic, host–guest
chemistry, medicinal and material science fields.[14] However,
the design of the catalysts is still a long-standing challenge
in the supramolecular chemistry of CB[n]s.[15] Recently,
a few organometallic reactions promoted or catalyzed by
CB[n]s have been published.[16] But there is rare report on
the synthesis and application of noble metal–CB[n]s crystal-
line hybrid catalysts to the best of our knowledge. Thus, the
design and synthesis of noble metal-CB[n]s crystalline
hybrid materials has practical and academic significance in
view of both scientific exploration and finding functional
materials with practical use in catalytic C�C coupling reac-
tions.

The decamethyl derivative Me10CB[5], first reported by
the group of Stoddart,[17] has a core structure similar to that
of CB[5] with the outer surface of the barrel equator deco-
rated with methyl groups. Moreover, Me10CB[5] can be con-
sidered as one of the smallest members of the CB[n]s family
and processes narrow portals and a low cavity volume. Due
to the low cavity volume, the supramolecular/coordination
chemistry of Me10CB[5] is mainly targeted on its portals. On
the other hand, Me10CB[5] shows good solubility compared
with other members of CB[n]s, and captured our attention
because it is extremely promising for the preparation of
hybrid complexes with noble metals in aqueous solutions.
Herein, a series of PdII-containing hybrid solids, [Li2-ACHTUNGTRENNUNG(H2O)4{H2O@Me10CB[5])}] ACHTUNGTRENNUNG[PdCl4]·4H2O (1, Li�Pd�
Me10CB[5]), [Na2ACHTUNGTRENNUNG(H2O)5{H2O@Me10CB[5])}] ACHTUNGTRENNUNG[PdCl4]·5H2O
(2, Na�Pd�Me10CB[5]), [K2ACHTUNGTRENNUNG(H2O)3ACHTUNGTRENNUNG{(H2O)0.5@Me10CB[5]}]-ACHTUNGTRENNUNG[PdCl4] (3, K�Pd�Me10CB[5]), [Rb2ACHTUNGTRENNUNG(H2O)3-ACHTUNGTRENNUNG{(H2O)0.5@Me10CB[5]}] ACHTUNGTRENNUNG[PdCl4] (4, Rb�Pd�Me10CB[5]), [Cs2-ACHTUNGTRENNUNG(H2O)2{H2O@Me10CB[5]}] ACHTUNGTRENNUNG[PdCl4] (5, Cs�Pd�Me10CB[5])
have been successfully self-assembled from Me10CB[5] and
the palladium complex in the presence of the corresponding
alkali metal ions. X-ray structural analyses show that the
alkali metal cations coordinate to the carbonyl oxygen
atoms at the Me10CB[5] portals into various molecular cap-
sules, which further interact with [PdCl4]

2� anions through
either coordinative bonds or supramolecular interactions. To
the best of our knowledge, compounds 1–5 represent the
first examples of crystalline hybrid materials of noble metals
and CB[n]s. Consequently, the as-synthesized Pd�Me10CB[5]
hybrid materials were tentatively used as effective catalysts
in Heck cross-coupling reactions. It has been found that the
catalytic activities and the reusability of the solid-state mate-
rials are closely related with their crystal structures.

Results and Discussion

Single-crystal X-ray diffraction studies unambiguously con-
firmed the framework structures of the five compounds and
a combination of elemental analyses and TGA measure-
ments gave the formulae. Compounds 1–5 are built by alkali
metal cations (Li+ , 1; Na+ , 2 ; K+ , 3 ; Rb+ , 4 ; and Cs+ , 5)
and Me10CB[5] moieties into various molecular capsules

(Figure 1); [PdCl4]
2� anions appear as counteranions and in-

teract by means of either supramolecular interactions or co-
ordinative bonds.

Crystal structures of compounds 1–5 : In the structure of
compound 1, [Li2ACHTUNGTRENNUNG(H2O)4{H2O@Me10CB[5])}] ACHTUNGTRENNUNG[PdCl4]·4H2O,
two lithium cations bind to a Me10CB[5] molecule into
a ’’half-open’’ molecular capsule due to the small atomic
radii of Li+ (Figure 1 a) with one uncoordinated water mole-
cule being encapsulated inside the molecular capsule. The
tetrahedral coordination sphere of Li+ is defined by two
aqua ligands and two carbonyl oxygen atoms from
a Me10CB[5] unit. One aqua ligand on a lithium cation inter-
acts with an adjacent (Li2Me10CB[5]) molecular capsule in
a mutual fashion, resulting in a one-dimensional (1D) supra-
molecular chain structure (Figure 2). The [PdCl4]

2� anions in
compound 1 are located on one side of the 1D supramolec-
ular chain through the weak coordination of palladium cen-
ters to the aqua ligands (Pd�O, 3.347(2) �) that are in-
volved in intra-chain H-bond interactions (Figure 2).

Two crystallographically independent sodium cations in
the compound [Na2ACHTUNGTRENNUNG(H2O)5{H2O@Me10CB[5])}] ACHTUNGTRENNUNG[PdCl4]·5H2O
(2) bond unevenly to each portal of a Me10CB[5] unit to
form a ’’half-closed’’ molecular capsule (Figure 1 b). The oc-
tahedral Na(1) center is coordinated by two carbonyl
oxygen atoms and four aqua ligands at one portal, whereas
Na(2) is surrounded by all five carbonyl atoms of the other
portal and two apical aqua ligands into a pentagon bi-pyra-
mid coordination geometry. Adjacent (Na2Me10CB[5]) mo-
lecular capsules are connected through the H-bonds formed
between the aqua ligands on the octahedral sodium centers
and the carbonyl oxygen atoms at the equatorial positions
of pentagon bi-pyramidal sodium centers, giving rise to 1D
supramolecular chains (Figure 3). The [PdCl4]

2� anions and
uncoordinated water molecules appear in the crystal lattice
involving in complicated H-bond interactions and form the

Figure 1. Coordination patterns of Me10CB[5] with various alkali metal
cations into molecular capsules.

Figure 2. A view of the 1D supramolecular chain structure in compound
1.
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overall three-dimensional (3D) supramolecular structure of
compound 2.

The potassium and rubidium cations form isostructural
compounds with Me10CB[5] and [PdCl4]

2� anions with a gen-
eral formula of [M2 ACHTUNGTRENNUNG(H2O)3ACHTUNGTRENNUNG{(H2O)0.5@Me10CB[5]}] ACHTUNGTRENNUNG[PdCl4]
(M= K, 3 ; Rb, 4), and thus only the structure of potassium-
containing compound 3 is discussed in detail. Two K+ cat-
ions are capped at each portal of a Me10CB[5] to form the
closed molecular capsule (Figure 1 c), which is one of the
most common features observed for potassium-cucurbit[-
n]uril (n= 5 or 6) coordination compounds.[18] A half-unco-
ordinated water molecule appears in each (K2Me10CB[5])
molecular capsule and the neighboring capsules are joined
together by the [PdCl4]

2� anions by means of the coordina-
tion of K+ centers to the chlorine atoms of the [PdCl4]

2�

anions. In such a way, a 1D coordination chain subunit is
formed (Figure 4). The 1D chain subunits are further ex-

tended into two-dimensional (2D) grid layer though the con-
nection of two potassium centers at different molecular cap-
sules by sharing the aqua ligands, as shown in Figure 5. Un-
coordinated water molecules exist in the crystal lattice and
interact with the coordination network through extensive H-
bond interactions.

The closed molecular capsule (Cs2Me10CB[5]) is also
found in cesium-containing compound 5, [Cs2-ACHTUNGTRENNUNG(H2O)2{H2O@Me10CB[5])}] ACHTUNGTRENNUNG[PdCl4], by means of capping
two Cs+ cations to both portals of a Me10CB[5] (Figure 1 e).
The anionic species [PdCl4]

2� coordinates to the exo position
of a Cs+ on one side to form a decorated molecular capsule
[Pd{Cs2Me10CB[5]}] , which interacts by means of hydrogen-
bonding interactions to give a supramolecular chain subunit
(Figure 6). A 3D supramolecular net is comprised through
complicated H-bonds present (Ocarbonyl···Ow, 2.900(1) �,
2.917 �; Ow···Ow, 2.581(3) �).

Powder X-ray diffractions (PXRD) and thermogravimetric
analyses (TGA): The phase purity and homogeneity of the
as-synthesized bulk products of compounds 1–5 were identi-
fied by using PXRD at room temperature. The experimental
PXRD patterns of samples 1–5 are in good agreement with
the ones simulated from single crystal X-ray diffraction data
(Figures S1–S4, the Supporting Information), which clearly
indicates the purity and homogeneity of the five compounds.

TGA were recorded in the temperature range of 20–
900 8C to investigate the thermal stability of compounds 1–5
as well as the determination of water molecules present in
each compound. The TGA curves of compounds 1 and 2
(Figure S5, the Supporting Information) showed similar con-
tinuous weight losses between 30 and 250 8C, corresponding
to the release of uncoordinated and coordinated water mol-
ecules (9 water molecules for 1, calcd: 11.2; found: 11.6 %;
11 water molecules for 2, calcd: 13.5; found: 13.9 %). Com-
pounds 1 and 2 underwent further weight losses from 250
(for 1) and 300 8C (for 2), respectively, which was assigned
to the decomposition of the organic components. Com-
pounds 3–5 displayed first step of weight losses before
200 8C, which corresponded to the loss of water molecules
(3.5 water molecules for 3, calcd: 4.6; found: 4.5 %; 3.5
water molecules for 4, calcd: 4.3; found: 3.6 %; 3 water mol-
ecules for 5, calcd: 3.5; found: 3.35 %). Further weight
losses of compounds 3–5 appeared at higher temperatures,
compared with compounds 1 and 2, around 400 8C due to
the release of organic Me10CB[5].

Catalytic performance in Heck coupling reactions : The Pd-
containing hybrid solid materials 1–5 were tentatively ex-
ploited as catalysts (denoted as M�Pd�Me10CB[5]; M=Li,
cat.-1; Na, cat.-2 ; K, cat.-3 ; Rb, cat.-4 ; and Cs, cat.-5) for
Heck reactions. In this current system, Heck reaction of io-
dobenzene with styrene was chosen as a model reaction. Re-
action conditions, including base species, solvents, and tem-

Figure 3. A view of the 1D supramolecular chain structure in compound
2.

Figure 4. A view of the 1D coordination chain subunit in compound 3.

Figure 5. A view of the 2D supramolecular layer structure in compound
4.

Figure 6. A view of 2D supramolecular chain structure in compound 5.
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perature, were monitored and determined (Table 1). A
series of time-controlled experiments have been performed
to determine the reaction time and the results are listed in
Figure S6 (the Supporting Information). As can been seen,
after reaction for 16 h, the product yields all have no dra-
matic change. However, considering some other substrates
need higher energy to promote the Heck reaction, the heat-
ing period was fixed at 24 h in our work. Besides, the opti-
mized catalyst loading was initially screened with the K�
Pd�Me10CB[5] catalyst in the range of 0.5 to 3.0 mol %,
showing the best catalytic GC yield at 1.0 mol % (Table 1en-
tries 1–4). Therefore, 1.0 mol% of catalyst loading was ap-
plied for all the M�Pd�Me10CB[5] catalysts. Despite of the
different alkali metals in the crystalline hybrid solids, the
M�Pd�Me10CB[5] catalysts exhibit similar catalytic activity
in the coupling reactions of iodobenzene and styrene with
good yields (80–85 %, Table 1, entries 5–9).[19] For compari-
son, [M2PdCl4] (M=Li, Na, and K) and the mixture of
[M2PdCl4]/Me10CB[5] have also been used as catalysts in the
model Heck reaction (Table 1, entries 10–15). It is clear to
see that the obtained yields with the crystalline catalysts are
comparative with the corresponding homogeneous
[M2PdCl4] and [M2PdCl4]/Me10CB[5] mixture catalysts.

To explore the scope of the catalytic reactions, a series of
aryl iodides/bromides with different olefins were examined
by using 1.0 mol % K�Pd�Me10CB[5] as the catalyst and the
results are listed in Table 2. Despite the bond energy of C�
Br being higher than C�I, the Heck reaction between iodo-
benzene and bromobenzene with styrene were carried out
effectively and gave comparable yields of trans-stilbene (82
vs. 84.0 %, Table 2, entries 1 and 2). Moreover, substitutions
with either electron-donating groups (�OMe) or electron-
withdrawing groups (�NO2, �CN, �CF3, and �COCH3) on
the para position of iodobenzene (Table 2, entry 3) and bro-
mobenzene (Table 2, entries 4–8) did not affect greatly the
yield of the final products. The yields of the isolated prod-
ucts vary from 82 to 90 % with the best outcome for 4-Me-
COC6H4Br with styrene coupling (90 %, Table 2, entry 7). In
addition, various olefin derivatives with different ester sub-
stituents were applied to Heck reactions with iodobenzene/
bromobenzene using K�Pd�Me10CB[5] catalyst (Table 2, en-
tries 9–14). It was found that the cross-coupling of aryl
iodide/bromide with ester-substituted olefins successfully
gave rise to the corresponding trans-configured products in
excellent yields. The yields of aryl halides (95–99 %) with n-
butyl acrylate were considerably higher than those with sty-
rene, indicating that the electron-withdrawing groups on the
substrates were favorable in the catalysis system (Table 2,
entries 9 and 12). Notably, the yields decreased slightly
when the n-butyl acetate group was replaced by methyl ace-
tate (Table 2, entries 11 and 14), whereas the efficiency of
the tert-butyl acetate-substituted olefin was obviously affect-
ed by its steric hindrance and gave lower yields (Table 2,
entry 10 and 13). On the other hand, substitution of 4-me-

Table 1. The Heck reaction of iodobenzene and styrene catalyzed by M�
Pd�Me10CB[5] catalysts.[a] M�Pd�Me10CB[5]; M=Li, cat.-1; Na, cat.-2 ;
K, cat.-3 ; Rb, cat.-4 ; and Cs, cat.-5.

Entry Catalysts AmountACHTUNGTRENNUNG[mol %]
Yield
[%]

1 K�Pd�Me10CB[5]ACHTUNGTRENNUNG(cat.-3)
0.5 86[b]

2 cat.-3 1.0 90[b]

3 cat.-3 2.0 85[b]

4 cat.-3 3.0 73[b]

5 Li�Pd�Me10CB[5]ACHTUNGTRENNUNG(cat.-1)
1.0 81[c]

6 Na�Pd�Me10CB[5]ACHTUNGTRENNUNG(cat.-2)
1.0 83[c]

7 cat.-3 1.0 82[c]

8 Rb�Pd�Me10CB[5]ACHTUNGTRENNUNG(cat.-4)
1.0 85[c]

9 Cs�Pd�Me10CB[5]ACHTUNGTRENNUNG(cat.-5)
1.0 86[c]

10 ACHTUNGTRENNUNG[Li2PdCl4] 1.0 89[b]

11 ACHTUNGTRENNUNG[Na2PdCl4] 1.0 91[b]

12 ACHTUNGTRENNUNG[K2PdCl4] 1.0 89[b]

13 ACHTUNGTRENNUNG[Li2PdCl4]/Me10CB[5][d] 1.0 92[b]

14 ACHTUNGTRENNUNG[Na2PdCl4]/Me10CB[5][d] 1.0 93[b]

15 ACHTUNGTRENNUNG[K2PdCl4]/Me10CB[5][d] 1.0 92[b]

16 ACHTUNGTRENNUNG[K2PdCl4]
[e] 1.0 31[b]

17 ACHTUNGTRENNUNG[K2PdCl4]/Me10CB[5][e] 1.0 42[b]

18 ACHTUNGTRENNUNG[Na2PdCl4]
[e] 1.0 26[b]

19 ACHTUNGTRENNUNG[Na2PdCl4]/Me10CB[5][e] 1.0 38[b]

[a] Reaction conditions: aryl halides (1 mmol), olefin (1.5 mmol),
Na2CO3 (2 mmol), DMF (3 mL), M�Pd�Me10CB[5] catalysts (0.5–
1.0 mol %). [b] Yield determined by using GC (dodecane as internal stan-
dard); [c] Yield of the isolated product. [d] The mixture of [M2PdCl4]
with Me10CB[5]. [e] The reuse of catalysts for a second time.

Table 2. Heck coupling reactions catalyzed by K�Pd�Me10CB[5].[a]

Entry Ar�X R Yield
[%][b]

1 C6H5I C6H5 82
2 C6H5Br C6H5 84
3 4-MeOC6H4I C6H5 84
4 4-MeOC6H4Br C6H5 82
5 4-NO2C6H4Br C6H5 85
6 4-CNC6H4Br C6H5 88
7 4-MeCOC6H4Br C6H5 90
8 4-CF3C6H4Br C6H5 84
9 C6H5I CO2nBu 99
10 C6H5I CO2tBu 75
11 C6H5I CO2Me 80
12 C6H5Br CO2nBu 95
13 C6H5Br CO2tBu 70
14 C6H5Br CO2Me 85
15 4-MeOC6H4I CO2nBu 99
16 4-MeOC6H4I CO2tBu 88
17 4-MeOC6H4I CO2Me 82
18 4-MeOC6H4Br CO2nBu 96
19 4-MeOC6H4Br CO2tBu 85
20 4-MeOC6H4Br CO2Me 87

[a] Reaction conditions: aryl halides (1 mmol), olefin (1.5 mmol),
Na2CO3 (2 mmol), DMF (3 mL), and K�Pd�Me10CB[5] catalyst
(1.0 mol %). [b] Yield of the isolated product.
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thoxyl groups on the halides generally increased the yields
of coupling reactions with ester-substituted olefins (Table 2,
entries 15–20).

Taking into consideration that the stability and reusability
of catalysts are important for their practical applications, re-
cycling Heck reactions of aryl iodides and styrene as cou-
pling partners were carried out in the presence of M�Pd�
Me10CB[5] catalysts (cat.-1–5). After the first cycle, cat.-
1 and cat.-2 catalysts lost crystallinity due to the structural
decomposition (Figure S7 and S8, the Supporting Informa-
tion) and were deactivated. However, cat.-3–5 remained
their crystallinity, intact structures (Figure 7, and S9 and

S10, the Supporting Information), as well as their catalytic
effectiveness. Catalysts cat.-3–5 could be easily recovered
through centrifugation and reused in the coupling reactions
under the same conditions for several consecutive runs. The
yields of the isolated products of cyclic reactions using cat.-
3–5 only decreased slightly after five cycles (Table 3). For
comparison, [M2PdCl4] and [M2PdCl4]/Me10CB[5] mixed cat-
alysts have also been reused. However, the yields decreased
dramatically (Table 1, entries 16–19) in the second cycle and
the catalysts deactivated gradually due to the aggregation of

big Pd particles after the reaction (Figure S11, the Support-
ing Information). These results showed that M�Pd�
Me10CB[5] (M =K, Rb, and Cs) exhibited much better reus-
ability over [M2PdCl4] and [M2PdCl4]/Me10CB[5], although
the catalytic behavior of these catalysts in the first cycle re-
action are similar (see above).

In the process of the cyclic reactions with cat.-3–5, the re-
covered catalysts were examined by PXRD measurements.
It was noticed that the diffraction line (111) of Pd0 could be
clearly observed in the PXRD patterns and the intensity in-
creased with the runs (Figure 7, S9 and S10, the Supporting
Information) due to the in situ-formation of the Pd0 species
during the Heck reactions with cat.-3–5. TEM was used to
confirm the formation of Pd nanoparticles (NPs) with size
smaller than 5 nm in these systems (Figure 8 a and 8 b) and

the high resolution TEM (HRTEM) images indicated that
the Pd NPs possessed good crystallinity (Figure 8 d). It is
well-known that the Pd0 species formed in situ in the Heck
reactions, especially in the homogeneous catalytic systems
using ligand-free Pd precatalysts, which could be subject to
two competing processes: one is to aggregate to form deac-
tivated palladium black, which is the case of cat.-1 and cat.-
2 (Figure S7 and S8, the Supporting Information), and the
other process is to form catalytically active Pd NPs, as in
the cases of cat.-3–5.[20]

The alternative pathway is mainly determined by the
local PdII concentration and its surroundings in the reaction
system. As indicated in the previous work, the formation of
palladium black could be effectively suppressed, whereas
the palladium concentration was kept below 0.1 mol % (cor-

Figure 7. PXRD patterns of K�Pd�Me10CB[5] during cycling reactions.

Table 3. Cyclic use of M�Pd�Me10CB[5] (M=K, Rb, and Cs) catalysts in
the Heck reaction of iodobenzene and styrene.[a]

Entry Cycles t
[h]

K�Pd�
Me10CB[5]

Rb�Pd�
Me10CB[5]

Cs�Pd�
Me10CB[5]

cPdACHTUNGTRENNUNG[ppm][b]
Yield[c]

%)
cPdACHTUNGTRENNUNG[ppm][b]

Yield[c]

[%]
cPdACHTUNGTRENNUNG[ppm][b]

Yield[c]

[%]

1 1st 24 30.0 82 40.4 85 21.3 86
2 2nd 24 20.5 83 19.9 83 19.0 82
3 3rd 24 12.9 83 10.3 82 13.8 81
4 4th 24 6.4 82 2.9 79 5.1 79
5 5th 24 3.5 78 1.8 76 3.6 77

[a] Reaction conditions: iodobenzene (1 mmol), styrene (1.5 mmol),
Na2CO3 (2 mmol), DMF (3 mL), compounds 3–5 (1 mol %). [b] Metal
concentration in the filtrate detected by using ICP. [c] Yield of the isolat-
ed product.

Figure 8. TEM images of palladium nanoparticles after (a) second and
(c) fifth run of Heck reaction for K�Pd�Me10CB[5]; (b) the correspond-
ing size distribution and (d) HRTEM images of palladium nanoparticles
in (a).
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responding to �35.5 ppm).[21] The inductively coupled
plasma emission spectrometry (ICP) results of the filtrates
with cat.-1 and cat.-2 showed Pd concentrations higher than
200 ppm after the first run, which were greatly higher than
the threshold value (35.5 ppm), and thus the formation of
palladium black was visible and the Heck reaction ceased in
these two systems. However, the Pd concentrations slowly
released from cat.-3–5 were generally comparable or lower
than 35.5 ppm (Table 3), and thus the formation of Pd-black
could be dramatically suppressed. Moreover, the coordina-
tion effect of Me10CB[5] to Pd species prevented the ag-
glomeration for Pd0 species. Such synergistic effects actually
lead to the formation of catalytically activated Pd NPs.

Although Pd NPs have been previously observed in Heck
reactions catalyzed by PdII sources,[22] it is not entirely clear
as to whether the Pd NPs contribute in the catalytic activity.
The concentrations of Pd species in filtrates were dramati-
cally decreased following the third cycle (Table 3) and thus,
if solely dependent on Pd species in reaction solution, one
would expect the Heck reaction to proceed in very low
yields. No dramatic decrease in yield is however observed at
this point and it is thus proposed that the Pd NPs prolong
the catalytic activity. The slight decrease in yield was ob-
served following several successive cycles (Table 3) and it is
postulated that this is due to an increase in Pd NP size (Fig-
ure 8 c) and thus a decrease in surface area available for cat-
alysis. Mechanistically, the hybrid catalysts cat.-3–5 slowly
release the PdII species (with detectable concentrations
below 40 ppm) at the very initial period and catalyze the
Heck reaction in a homogeneous fashion; the PdII species
being released transform into Pd NPs and grow on the sur-
face of solid catalysts cat.-3–5, which can be considered as
a reservoir for the actual catalytically active Pd0 species at
later stages in a heterogeneous fashion;[23] the balancing be-
tween PdII being released and Pd0 attached to the surface of
the solid catalysts plays a subtle role in the transfer from ho-
mogeneous to heterogeneous catalytic reactions. Thus the
crystalline hybrid catalysts (cat.-3–5) function as precatalysts
to launch the Heck cross-coupling reactions, at the same
time, as supports for the actual catalytically active Pd NPs
and carry on the reactions in a recyclable way. Different
from the heterogeneous Pd nanoparticles immobilization on
different supports,[24] such Pd crystalline solids precatalysts
possess high catalytic activity of homogeneous catalysts as
well as good reusability of heterogeneous catalysts. More-
over, the in situ-generated Pd NPs can be stabilized by
Me10CB[5] ligand without addition of any surfactants or
polymer to protect the Pd NPs from aggregations.

It is also reasonable that the M�Pd�Me10CB[5] catalysts
behave differently in the catalytic reactions from a structural
point of view. In the structures of M�Pd�Me10CB[5] (cat.-
1 and cat.-2) hybrid catalysts, the [PdCl4]

2� anions interact
with the (M2Me10CB[5]) molecular capsules through weak
supramolecular H-bond interactions; whereas, in the struc-
tures of M�Pd�Me10CB[5] (cat.-3–5) hybrid catalysts, the
[PdCl4]

2� anions covalently bound to the (M2Me10CB[5])
molecular capsules through stronger coordinative bonds.

Therefore, the release of the PdII species from cat.-1 and
cat.-2 hybrid catalysts at the initial stage of the catalytic re-
actions was more easy than that from cat.-3–5 and generated
palladium black. Alternatively, the Pd releasing rates may
also be responsible for the stability of the hybrid catalysts,
that is, the slower the Pd releasing rate, the more stable the
catalyst. Of note is that cucurbit[n]urils (CB[n], n=5–8)
have been widely used in the fabrication of noble metal NPs
in which the CB[n]s function as protecting agents.[25] In this
current catalytic systems, the Me10CB[5] may play triple
roles: 1) as a delivery vehicle to carry and release catalyti-
cally active Pd species to the Heck reaction systems; 2) as
a regulator to control the releasing rate and concentration
of Pd species from the crystalline hybrid precatalysts; 3) as
a stabilizer to restrict the over-growth of the catalytically
active Pd NPs.

Conclusion

A series of crystalline hybrid solid materials assembled from
Me10CB[5] and [PdCl4]

2� anions in the presence of different
alkali metal cations have been successfully synthesized for
the first time by means of a simple diffusion method (M�
Pd�Me10CB[5]; M=Li, cat.-1; Na, cat.-2 ; K, cat.-3 ; Rb, cat.-
4 ; and Cs, cat.-5). The as-synthesized hybrid solids have
been examined as precatalysts for Heck cross-coupling reac-
tions and indeed exhibited good catalytic activities of a wide
range of reaction substrates. It has also been rationalized
that the introduction of various alkali metals afforded diver-
sified crystal structures of the hybrid precatalysts, which
could be responsible for the different stability and reusabili-
ty of the hybrid precatalysts in Heck reactions. In the pro-
cess of the catalytic reactions, the catalytically active Pd spe-
cies were released from the crystalline hybrid catalysts, de-
livered to the reaction systems, and then transformed into
catalytic active Pd NPs. The hybrid precatalysts cat.-3–5
could be easily recycled for several times through simple
centrifugation, without dramatically losing their catalytic ac-
tivities. In conclusion, the crystalline hybrid precatalysts
cat.-3–5 developed a new and unusual system for the C�C
coupling reactions. Moreover, the synthesis of noble metal/
Me10CB[5] crystalline hybrid materials opened up a new di-
rection for design of CB[n] catalysts in the supramolecular
chemistry field.

Experimental Section

Materials and instrumentation : All chemicals were commercially pur-
chased and used without purification. Me10CB[5] was synthesized accord-
ing to the process reported in the literature.[26] Elemental analyses (C, H,
and N) were carried on an Elementar Vario EL III analyzer. Metal anal-
ysis was determined by using an inductively coupled plasma emission
spectrometer (ICP) Jobin Yvon Ultima 2. X-ray powder diffractions
(XRPD) were performed with a Rigaku DMAX 2500 diffractometer.
TGA was performed under a flow of nitrogen at a rate of 10 8C min�1, by
using a TA SDT-Q600 instrument. The TEM images were taken on
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a FEI TECNAI G2 F20 microscope at an accelerating voltage of 200 kV.
For TEM observations, the catalysts after catalytic reaction were ultra-
sonically dispersed in ethanol and deposited on the holey carbon film on
a copper grid. The crude product yield of the catalytic reaction was deter-
mined by using Aligent 7890A gas chromatograph (GC) using dodecane
as internal standard. The NMR spectra were measured on an Avance III
Bruker Biospin spectrometer.

X-ray structure determinations : Single-crystal X-ray diffraction data of
compounds 1 and 3 were collected on a Rigaku Saturn 70 (4 � 4 bin
mode) diffractometer equipped with graphite monochromatized MoKa ra-
diation (l =0.71073 �) and a CCD area detector; the diffraction data of
compounds 2 and 5 were collected on a Xcalibur, Eos diffractometer
equipped with graphite monochromatized MoKa radiation (l=

0.71073 �); and the diffraction data of compound 4 was collected on
a Mercury2 (1 � 1 bin mode) CCD diffractometer with graphite mono-
chromatized MoKa radiation (l =0.71073 �). Empirical absorption cor-
rections were applied to the data using the Crystal Clear program.[27]

Structural solutions and full matrix least-squares refinements based on F2

were performed with the SHELXS-97 and SHELXL-97 program pack-
ages, respectively.[28] All of the non-hydrogen atoms were refined aniso-
tropically. Crystal data and structure refinement parameters are given in
Table S1 (the Supporting Information). CCDC-935991 (1), CCDC-935992
(2), CCDC-935993 (3), CCDC-935994 (4), and CCDC-935995 (5) contain
the supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

General synthesis of compounds 1–5 : Palladium chloride (30 mg,
0.17 mmol) was dissolved in concentrated HCl (0.5 mL), then distilled
water (20 mL) was added to form a clear aqueous solution of [PdCl4H2]
(solution I). Me10CB[5] (100 mg, 0.1 mmol) and alkali metal chloride
(0.2 mmol) were dissolved in distilled water (20 mL) under magnetic stir-
ring (solution II). Solutions I and II were carefully transferred to each
side of an H-tube, respectively. Orange crystals were obtained after sev-
eral hours to up to three days in the H-tube by slow diffusion.ACHTUNGTRENNUNG[Li2 ACHTUNGTRENNUNG(H2O)4{H2O@Me10CB[5])}] ACHTUNGTRENNUNG[PdCl4]·4H2O (1): Yield: �75 %, based on
Me10CB[5]; elemental analysis calcd (%) for C40H68N20O19Cl4Li2Pd: C:
34.4, H: 4.88, N: 20.1; found: C: 34.6, H: 4.80, N: 21.2.ACHTUNGTRENNUNG[Na2 ACHTUNGTRENNUNG(H2O)5{H2O@Me10CB[5])}] ACHTUNGTRENNUNG[PdCl4]·5H2O (2): Yield: �40 %, based
on Me10CB[5]; elemental analysis calcd (%) for C40H72N20O21Cl4Na2Pd:
C: 32.8, H: 4.9, N: 19.1; found: C: 32.1, H: 4.82, N: 19.0.

[K2 ACHTUNGTRENNUNG(H2O)3 ACHTUNGTRENNUNG{(H2O)0.5@Me10CB[5]}] ACHTUNGTRENNUNG[PdCl4] (3): Yield: �81%, based on
Me10CB[5]; elemental analysis calcd (%) for C40H57N20O13.5Cl4K2Pd: C:
35.3, H: 4.19, N: 20.6; found: C: 34.8, H: 4.21, N: 21.2.ACHTUNGTRENNUNG[Rb2 ACHTUNGTRENNUNG(H2O)3 ACHTUNGTRENNUNG{(H2O)0.5@Me10CB[5]}] ACHTUNGTRENNUNG[PdCl4] (4): Yield: �51%, based on
Me10CB[5]; elemental analysis calcd (%) for C40H57N20O13.5Cl4Rb2Pd: C:
33.0, H: 3.92, N: 19.3; found: C: 33.0, H: 3.94, N: 20.2.ACHTUNGTRENNUNG[Cs2ACHTUNGTRENNUNG(H2O)2{H2O@Me10CB[5])}] ACHTUNGTRENNUNG[PdCl4] (5): Yield: �45%, based on
Me10CB[5]; elemental analysis calcd (%) for C40H56N20O13Cl4Cs2Pd: C:
31.3, H: 3.63, N: 19.4; found: C: 31.2, H: 3.64, N: 18.2.

Application as catalysts in the Heck reaction : General procedure for the
Heck coupling reaction : A mixture of aryl halide (1 mmol, 1 equiv),
alkene (1.5 mmol, 1.5 equiv), sodium carbonate (2 mmol, 2 equiv), and
a Pd catalyst (1.0 mol %) in DMF (3 mL) was stirred in a 15 mL pressure
tube at 140 8C for 24 h. At the end of each reaction, the Pd catalyst was
separated by centrifugation, and the filtrate was diluted with water fol-
lowed by extraction with ethyl acetate (3 � 10 mL). The combined organic
phase was dried over anhydrous Na2SO4. After removal of the solvent,
the crude product was directly analyzed by GC. The product was further
transferred to column chromatography on silica gel using petroleum
ether to afford the product with high purity. 1H NMR (400 MHz) and
13C NMR (100 MHz) spectra were recorded in CDCl3 solution. Recovery
of the M�Pd�Me10CB[5] (M =K, Rb, and Cs) catalysts were separated
by centrifugation after the first run and washed to remove inorganic salt
and adsorbed organic substrate, followed by drying at 40 8C. Then, the
catalysts were used for the second run without further activation and sim-
ilar processes were repeated for the next runs.
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